ͪͪ both in the text and in Fig. 2 . The correct equation is as follows:
The corrected figure and its legend appear below. The error does not affect the conclusions of the article.
Fig. 2.
Comprehensive characterization of the promoter library. Several orthogonal metrics were used to characterize the promoter library and ensure the consistent behavior of all its members for various genes and culturing conditions. We show here three metrics that were chosen for quantifying transcriptional of the promoters: (i) the dynamics of GFP production based on fluorescence, (ii) measurement of the relative mRNA transcript levels in the cultures, and (iii) testing of the MIC for chloramphenicol in an additional library of constructs where the promoter drove the expression of chloramphenicol acetyltransferase. The overall strong correlation between the various metrics suggests a broad-range utility of the promoter library for a variety of genes and conditions. www.pnas.org͞cgi͞doi͞10.1073͞pnas.0511314103
Fig. 1. Transformation assay of FLAG͞HA-tagged and untagged BPV-1 E7.
(A) Mouse C127 cells were transduced with retrovirus expressing BPV-1 E7 with a FLAG͞HA epitope tag at either the C terminus (E7-C) or N terminus (E7-N), or with no tag (E7). Cells were lysed, and proteins were immunoprecipitated by using either an anti-FLAG antibody (Left) or an anti-BPV-1 E7 antibody (Right). Proteins were resolved by SDS͞PAGE on a 15% polyacrylamide gel and probed by immunoblotting using the anti-E7 antibody. (B) Cells were assayed for anchorage-independent growth with transduced BPV-1 oncogenes: C127 control cells, cells expressing BPV-1 E7 alone, BPV-1 E6 alone, E6 and E7, E6 and C-terminal FLAG͞HA-tagged E7 (E7-C), and E6 and N-terminal FLAG͞HA-tagged E7 (E7-N). Cells were suspended in 0.3% Noble agar, DMEM, and 10% FBS and grown for 14 days. Representative fields are shown at ϫ10 magnification. For further details, see Table 1 .
Because CD30 is highly expressed on Hodgkin's lymphoma and anaplastic large cell lymphoma, it is a promising target for immunotherapy. antibody therapy ͉ Hodgkin's lymphoma ͉ soluble CD30 ͉ monoclonal antibody ͉ conformation H uman CD30 is a promising target for cancer immunotherapy, because CD30 is highly expressed in Hodgkin's disease and anaplastic large-cell lymphoma but is expressed on a small subset of normal lymphocytes (1) (2) (3) . Several different immunotherapy strategies have been tried by using CD30 as the target (4) (5) (6) (7) (8) (9) (10) (11) (12) . We have been developing immunotoxins targeting CD30 (13, 14) , encouraged by our recent clinical trials with immunotoxins targeting other lymphoma antigens CD22 and CD25 (15, 16) that show that immunotoxins can be useful for treating some types of hematological malignancies (17) .
CD30 is a 105-to 120-kDa type I transmembrane glycoprotein (18) containing six cysteine-rich domains (CRDs). The first three and the last three each make up a ligand-binding site (unpublished data). The extracellular domain of CD30 is released from the cell as a soluble 85-to 90-kDa protein, upon cleavage by cell membrane-anchored metalloproteinases (19) (20) (21) (22) . This type of cleavage is common in type I membrane proteins including other immunotherapy targets such as CD25 (23) and the erb-B2 protein (24) . The level of soluble CD30 is elevated according to the progression status of the lymphoma (3, 19, 25, 26) . The cleavage site(s) of CD30 has not been precisely identified, but it is assumed to be close to the plasma membrane, by analogy with other soluble receptors (20) and by studies using various deletion mutants of CD30 (22) . The shedding is an important consideration for immunotherapy because the soluble form of membrane proteins can neutralize antibody-based therapeutic reagents before they reach their target on the cell membrane and͞or alter the biodistribution of these agents. The binding of soluble CD30 to anti-CD30 Fv was reported in clinical studies using an immunotoxin or a bispecific recombinant antibody both derived from an anti-CD30 mAb, Ki-4 (11, 12) . Also, in a mouse model, coadministration of metalloproteinase inhibitors enhanced the efficacy of a CD30 immunotoxin probably by preventing the generation of soluble CD30 (9) . Despite the possible inhibitory effects on antibody-based therapy, the biochemical and antigenic characteristics of soluble CD30 need further investigation.
Many previous studies using therapeutic antibodies suggested the importance of selecting an appropriate epitope (Ep) (27, 28) ; the exact mechanism of the advantageous effect is still largely uncharacterized. A possible mechanism is the difference among epitopes in the susceptibility of competition by soluble forms of target antigens. To develop a useful anti-CD30 immunotoxin, we have focused our attention on the affinity and epitope of the immunotoxin (13) . Our previous studies with immunotoxins demonstrated that high affinity is a key in increasing the efficacy of immunotoxins (13, (29) (30) (31) , but the advantage of targeting particular epitopes remains unclear.
In this study, we examine the antigenic structure of soluble CD30 using a large panel of mAbs (total of 27). These include 21 mAbs that we produced against the extracellular domain of CD30 and 6 isolated by others (2, 13, (32) (33) (34) (35) (36) (37) . We have used these to identify eight different epitopes on CD30 (13, 37, 38) . We also located these epitopes in the amino acid sequence of CD30 and found that three of the eight epitopes overlap with two duplicated CD30-ligand (CD30-L) binding sites on CD30 (unpublished data). We have examined the reactivity of these mAbs with soluble CD30. Surprisingly, we found that two of the eight epitopes on CD30 are unique for the membrane-type CD30 molecule and absent on soluble CD30. We call these membranespecific epitopes. They are located in the middle of the CD30 molecule, suggesting that a dynamic conformational change in CD30 occurs upon shedding to destroy or bury the structures of the two membrane-specific epitopes. We conclude that mAbs against membrane-specific epitopes are potentially useful for CD30-targeted immunotherapy because there should be no competition by soluble CD30. KM-H2, and L591; CD30-positive anaplastic large cell lymphoma lines, Karpas 299 and SU-DHL-1; and a CD30-negative (very weak) line, HL60, were cultured in Iscove's modified Dulbecco's medium (Invitrogen) supplemented with 10% FBS (HyClone).
Materials and Methods

mAbs.
A total of 27 anti-CD30 mAbs were used in this study. The mAbs to the extracellular domain of human CD30 include 21 mAbs established by us (13, 37) and 6 mAbs previously produced by others (2, (32) (33) (34) (35) (36) . Their characteristics are summarized in Table 1 .
Preparation of Recombinant CD30-Human IgG1-Fc Fusion Proteins.
The extracellular domain of CD30 was expressed as a fusion protein with the Fc portion of human IgG (13, 37) . CD30-Fc maintains the same conformation as membrane-associated CD30 as verified by its reactivity with conformational dependent mAbs (unpublished data). Ig superfamily receptor translocation associated 2 (IRTA2)-Fc fusion protein (39) was used as the control in some assays.
Preparation and Characterization of Soluble CD30. L540 or Karpas 299 cells were grown at high concentrations (up to 2 ϫ 10 7 per ml) in two-compartment cell-culture flasks (INTEGRA CL 1000 devises, INTEGRA Biosciences, Ijamsville, MD) to harvest soluble CD30 in the culture supernatants. For some experiments, the soluble CD30 was purified by using an affinity column (NHS-activated Sepharose 4 Fast Flow, Amersham Pharmacia Biosciences) on which anti-CD30 mAbs T420 and T427 (to different epitopes) were immobilized according to the manufacturer's instructions. The acid eluates (pH 2.7) containing soluble CD30 were immediately neutralized with 1 M Tris (pH 8.0) and extensively dialyzed against PBS. The purified soluble CD30s and the CD30-producing cell lysates were analyzed by SDS͞PAGE or Western blotting, using a mixture of the anti-CD30 mAbs Ber-H2, T105, and T405 as described in ref. 37 . To analyze the aggregation formation of the soluble CD30, the soluble CD30s in the culture supernatants were separated on a size-exclusion column (TSK SW4000, 7.5 mm ϫ 300 mm, Tosoh Bioscience, Montgomeryville, PA) with PBS as the mobile phase, and each fraction was analyzed by CD30 ELISA (see below). A part of the purified soluble CD30 sample was also in-gel-digested with chymotrypsin or trypsin and analyzed by liquid chromatography͞tandem MS to determine the peptide sequences for the protein identification (Laboratory of Proteomics and Analytical Technologies, National Institutes of Health). In the third experiment, the interaction between soluble CD30 and the selected anti-CD30 mAbs was analyzed by separation of the immune complex on a sizing column. Purified mAb (0.1 mg) was radiolabeled with 1 mCi of Na 131 I (PerkinElmer) (1 Ci ϭ 37 GBq) in 0.1 M phosphate buffer at pH 7.5, using 1.5-ml polypropylene tubes coated with 10 g of Iodogen (Pierce). After 5 min of incubation at room temperature, the sample was purified by HPLC on a TSK column (SW4000, Tosoh). Peak fractions were selected, incubated with CD30-human Fc (HFc), soluble CD30 from L540 cells, or serum of the mouse inoculated with L540 cells, and then injected to Superose 6 (Amersham Pharmacia Biosciences). The radioactivity of eluate was monitored.
Results
Preparation and Characterization of Soluble CD30. Soluble CD30 is produced in patients with Hodgkin's lymphoma or anaplastic large-cell lymphoma as well as by many cell lines derived from them (19, 22, 40, 41) . Soluble CD30 produced by L540 and Karpas 299 cells was purified on an affinity column on which anti-CD30 mAbs, T420 (Ep1) and T427 (Ep5), were immobilized. These purified soluble CD30s were analyzed by SDS͞PAGE (Fig. 1B Left) and by Western blotting with a pool of anti-CD30 mAbs (Fig. 1B  Center) . The major top band in the purified soluble CD30 from L540 cells migrated Ϸ80 kDa in size (Fig. 1B Left) , consistent with the reported size of soluble CD30. The same size bands were predominantly stained in the immunoblots of both the One hundred nanograms of each protein in 0.5% BSA was separated on a TSK SW4000 column, and 0.2-ml fractions were measured by an anti-CD30 sandwich ELISA. From the standard proteins (three arrows in the fraction line: Fr.46.5 ϭ 670,000, Fr.9 ϭ 158,000, and Fr.63 ϭ 44,000), the molecular masses of the major peaks of CD30-Fc and sCD30s were estimated as 645 and 317 kDa, respectively. soluble CD30 in SDS͞PAGE were different in size from the bands stained in the Western blot, indicating that these purified samples contain smaller proteins that are not related to CD30 and that smaller bands in the immunoblot were probably small amounts of the degradation products of soluble CD30. Consistent with this, seven peptides derived from the second and third bands of the PAGE were identified as derived from unrelated human proteins (data not shown). We conclude that the purified CD30 preparation contained Ϸ66% CD30 (from the intensity analysis of the bands) and that the rest were unrelated proteins. We also analyzed CD30 proteins in cell lysates by the same Western blotting methods (Fig. 1B Right) . Three bands (120, 105, and 80 kDa in size) were detected in all of the CD30-producing cells (A431͞CD30, L540, and Karpas 299) although the intensity of these bands varied, but not in CD30-negative cells (HL60). These three bands correspond to two membrane-associated CD30 antigens (120 and 105 kDa) and a precursor molecule without glycosylation (90 kDa) described in ref. 42 . These results show that the soluble CD30 protein is smaller than the membrane-type CD30s as expected, although it was not clearly distinguishable in size from the precursor protein.
The soluble CD30 from L540 and Karpas 299 cells was also analyzed by size-exclusion chromatography. As shown in Fig. 1C , soluble CD30 from both cells types eluted in the same fractions with similar shaped peaks, suggesting that the different cell lines produced the same soluble CD30 molecule(s). Soluble CD30s eluted after CD30-Fc that forms a disulfide linked homodimer between the two Fc portions. The relative positions of the elution indicate that there is a stable multimer without aggregates. Using molecular weight standards, the molecular sizes of the CD30 and CD30-Fc are estimated to be 317 and 645 kDa, respectively, which possibly agreed with the trimer formation of the tumor necrosis factor receptor (TNFR) (43) , a member of the TNFR family to which CD30 belongs.
Reactivity of the Anti-CD30 mAbs to Soluble CD30. We assessed the binding of each mAb to soluble CD30 in three different types of experiments. In the first experiment, inhibition by soluble CD30 of the binding of each mAb to CD30-Fc was examined in an ELISA. As shown in Fig. 2A cross-reactivity, we determined the 50% inhibition concentrations of soluble CD30 (from L540 cells) and compared these concentrations with those of CD30-Fc (Fig. 2B) . The epitopes recognized by mAbs whose relative relativities to soluble CD30 were Ͼ70% were considered to be conserved epitopes in soluble CD30 (Ep1, Ep4, and Ep5 shown in gray; 124% average crossreactivity), 5-70% are partially altered epitopes in soluble CD30 (Ep3, Ep6, and Ep8 shown in orange; 16.6% average crossreactivity), and Ͻ5% are considered to be specific to the whole CD30 molecule (Ep2 and Ep7 shown in red; 2.1% average cross-reactivity).
In the second experiment, the binding of each mAb to cell membrane CD30 on L540 cells was examined by FACS in the presence of a 5-fold excess of soluble CD30 (from L540), CD30-Fc, or IRTA2-Fc (Fig. 3) . In accordance with the ELISA results, soluble CD30 significantly inhibited the binding of Ep1, Ep4, and Ep5 mAbs to cell membrane CD30, partially inhibited the binding of Ep3, Ep6, and Ep8 mAbs, and inhibited weakly the binding of Ep2 and Ep7 mAbs. The IRTA2-Fc proteins did not show any inhibitory effects on any mAbs. Thus, Ep2 and Ep7 are membrane-specific epitopes. These results also suggest that CD30-Fc and membrane CD30 on L540 cells had a similar structure. To confirm the absence of Ep2 and Ep7 on soluble CD30, selected mAbs were radiolabeled, and their reactivity with soluble CD30 or CD30-Fc was analyzed by size-exclusion chromatography (Fig. 4) . As shown in the leftmost panel of Fig.  4 , incubation of radiolabeled mAb HeFi-1 with soluble CD30 in the L540 culture supernatant or that in the serum of a mouse bearing a L540 tumor produced immune complexes (red and green arrows) that eluted faster than control mAb HeFi-1 alone (black arrow). CD30-Fc made a larger immune complex (blue arrow) because of the presence of Fc and its homodimerization in the Fc portion. In contrast, the mAbs to the membranespecific epitopes (Ep2 and Ep7; three rightmost panels in Fig. 4 ) did not bind to the soluble CD30 but bound to CD30-Fc. These results clearly demonstrate the nonreactivity of Ep2 and Ep7 mAbs to soluble CD30.
Discussion
Here we show the presence of membrane-specific epitopes (Ep2 and Ep7) on CD30 that are not competed for by soluble CD30. These epitopes are potentially better targets for cancer immunotherapy than other epitopes because they exist only on the malignant cell surface.
Many cell-surface proteins can be cleaved by cellular enzymes to produce soluble proteins (20) . If these cell-surface molecules are selected as targets for immunotherapy, the soluble forms will reduce the efficacy of the immunotherapeutic reagents by competition. In general, this drawback has been considered to be unavoidable because the soluble forms are usually entire extracellular domains of membrane proteins and show the same antigenicity as the whole molecule attached to the cell membrane (20) . To our knowledge, our results are the first example that a conformational change can occur in the soluble form of a membrane protein that destroys selective epitope structures; these epitopes are, therefore, membrane-specific. The generality of the presence of membrane-specific epitopes on the other targets and the usefulness of targeting membrane-specific epitopes needs to be investigated. Soluble CD30 has been extensively investigated as a disease marker especially for Hodgkin's lymphoma (3, 19, 25, 26, 40) . Its physiological role was also examined in previous studies (44, 45) . However, the information about quantitative and biochemical characteristics of soluble CD30 is very limited. Because soluble CD30 has been measured as the immunoreactivity in various sandwich ELISAs with different sets of anti-CD30 mAbs and because there is no standard CD30, the quantity of the soluble antigen was defined in arbitrary units by different investigators. One seminal work that used anti-CD30 mAbs Ki-1 and Ber-H2 in the ELISA roughly estimated 70 pg of CD30 per assay as the quantitation limit using HUT102 cell lysates (19) . The same assay was used in another report (25) in which it was found that 48% of patients with Hodgkin's lymphoma produced soluble CD30 in the sera at levels of 15-2,020 unit͞ml (corresponding to 1.8-283 ng͞ml CD30). Because soluble CD30 will be extensively diluted when it enters the circulation, it is likely that the soluble CD30 level in the microenvironment of CD30-positive tumors can reach levels of micrograms per milliliter. This level of soluble CD30 can neutralize anti-CD30 agents. A precise determination of soluble CD30 levels in the tumors of patients needs to be determined. The formation of immune complexes composed of soluble CD30 and anti-CD30 Fv was reported in clinical studies (11, 12) . We have found that the supernatants of L540 cells maintained at 2 ϫ 10 7 cells per ml in a two-compartment flask contain 2.5 g͞ml soluble CD30. This finding indicates that a level of several micrograms per milliliter of soluble CD30 can be reached in a local environment by a high number of CD30-producing cells.
It has been reported that the soluble CD30 produced by L540 cells migrates at the same size (85-90 kDa) in SDS͞PAGE as that prepared from the serum of a patient (40) ; other reports have shown that soluble CD30 from various cell lines migrates at the 85-to 90-kDa size (19, 22, 41) . It is likely that the soluble CD30s produced by different cells are the same, although the precise cleavage site(s) has not been determined (22) . We also have shown that soluble CD30s from L540 and Karpas 299 cells have the same antigenic properties, as well as similar sizes.
The membrane-specific epitopes (Ep2 and Ep7) are located near the middle of the extracellular domain of CD30 (unpublished data). They almost correspond to CRD3 and CRD6, amino acids 107-153 and 282-338 of the extracellular domain, which contains amino acids 19-383 (Table 1) . Because these epitopes are not accessible to the mAbs after cleavage, a major conformational change of CD30 likely occurs upon shedding and destroys or buries the structure of the epitopes. Both Ep2 and Ep7 are linear epitopes that are recognized by mAbs after reduction in a Western blot (Table 1) . Because the sequences of CRD3 and CRD6 are almost identical in the 20 amino acids in the beginning of the domains, Ep2 should be close to the unique region at the end of the CRD3; for the same reason, Ep7 should also be located close to the end of the CRD6. mAbs to these epitopes do not inhibit ligand binding to CD30 (ref. 42 and unpublished data).
In conclusion, we characterized the epitopes on soluble human CD30 and on the full length of CD30 with the goal of the development of better immunotherapies for CD30-positive lymphomas. We found two membrane-specific epitopes. The presence of membrane-specific epitopes and the benefits of targeting them should be extended to other membrane proteins.
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